The regulation of transcription of eukaryotic genes is a very complex process, which involves interactions between transcription factors (TFs) and DNA, as well as other epigenetic factors like histone modifications, DNA methylation, and so on,
INTRODUCTION
The regulation of eukaryotic gene transcription is a very complex process, which depends on interactions between transcription factors (TFs) and DNA, as well as on chromatin structure and other epigenetic factors such as histone modifications, DNA methylation and so on. Research in this field has witnessed a major leap forward with the introduction of techniques like Chromatin Immunoprecipitation (ChIP) (1), which, followed by the employment of genome tiling oligonucleotide arrays [ChIP on Chip (2)] or next-generation sequencing [ChIP-Seq (3)], permits to build genome-wide maps of TF binding, histone modifications or any other DNA interacting protein involved in transcription regulation. ChIP-Seq has rapidly become the method of choice for research in this field, given its higher resolution with respect to ChIP on Chip, and the constantly decreasing cost of next-generation sequencing experiments. As a consequence, today genomic resources like the UCSC Genome Browser (4) or dedicated databases like hmChip (5) make available for retrieval the genomic maps of hundreds of TFs, as well as of histone modifications, PolII and PolIII binding, and so on, in several different cell lines. Thus, starting from a gene, its putative regulators as well as epigenetic information associated with it can be easily retrieved vice versa, different ChIP-Seq experiments can be correlated with one another by comparing the distribution of the sequence reads of each one (6) and, once the list of genomic binding regions for a TF is available, the target genes it is likely to regulate can be easily singled out by using tools like GREAT (7) .
On the other hand, a very common problem that researchers have to face is, given a set of genes showing similar expression patterns, to find out which common regulators they share, responsible for the expression observed. This type of analysis is often performed by finding similar and over-represented sequence elements, for example in promoter sequences, either by using de novo motif finding tools (8) or descriptors of the binding specificity of TFs (9, 10) . While useful in many cases, these approaches suffer from several limitations: the binding *To whom correspondence should be addressed. Tel: +39 50314884; Fax: +39 50315044; Email: giulio.pavesi@unimi.it specificity of many TFs is as yet unknown or not well characterized; different TFs have very similar binding sites, making difficult, given a sequence motif, to assess which TF actually could bind it; some key regulators do not bind DNA directly, but act as co-factors with TFs; sequence motifs are often weakly conserved, and hard to discriminate against random similarities; sequence analysis tools usually ignore chromatin structure and DNA accessibility, usually resulting in an 'overprediction' of sequence motifs.
The web tool we present, named Cscan, is based on a large collection of ChIP-Seq experiments for several TFs and other factors related to transcription regulation. Enriched regions from the ChIP-Seq experiments have been crossed with the genomic coordinates of available RefSeq and Ensembl gene annotations, so to build genome-wide maps of putative target genes in each experiment. Given a set of genes as input, the interface evaluates the over-(or under-) representation of target sites for the DNA binding protein considered in each ChIP experiment by counting the number of target genes in the experiment contained in the input set, and comparing this count to the overall genome-wide number of its target genes to assess statistical significance with a Fisher's exact test. Experiments with a significantly high number of sites within the input genes' loci are thus likely to correspond to TFs, which are common regulators of the genes. The computation is performed for hundreds of different TFs with other data like histone modifications and RNA polymerases (and/or their subunits), so to provide a more comprehensive view of all the genetic and epigenetic factors involved in the regulation of the input genes, and their effect on gene transcription.
ChIP-SEQ DATA COLLECTION
We retrieved the ChIP-Seq peak lists publicly available and already past the public release date at the UCSC Genome Browser for TFs, histone modifications, and RNA polymerases produced by the ENCODE project (11) . Also, we retrieved from the original publications the datasets that have been included in the hmChip database (5) . Finally, we added the HMMChip tracks of the UCSC Genome Browser, showing chromatin state segmentation for each of nine human cell types. A common set of states (including for example active promoter, weak promoter, repressed transcription, and so on) across the cell types were annotated integrating ChIP-Seq data for nine histone modifications using a Hidden Markov Model. The genome was thus segmented into regions according to the corresponding chromatin state (12 Figure S1 ).
FINDING COMMON REGULATORS
Starting from the data collected, let G be a sample of k genes or transcripts. If a given TF is a common regulator of the genes, then one should find an enrichment of binding regions for the TF associated with the genes, e.g. in their promoters or transcribed regions. For example, let m be the number of genes in the sample that have a peak for the TF in their promoter. Then, let N be the number of annotated genes in the genome and let n be the number of annotated genes in the genome that contain a ChIP-Seq peak for the TF in their promoter. The enrichment of the TF binding sites with respect to the gene sample can be thus evaluated by using a Fisher's exact test (hypergeometric distribution) with N, n, k and m as parameters.
The same principle can be applied to any other type of genome-wide ChIP experiment. For example, we can assess whether a given histone modification can be associated with the genes' promoters, hence denoting e.g. if their promoters as active or repressed, or whether RNA polymerase binding in a given cell line is enriched in the set of genes denoting their transcription, and so on.
THE USER INTERFACE
The user interface contains two main panels on the left and right hand side, which can be used to input a set of genes for finding their common regulators or for browsing and retrieving data from the ChIP-Seq data collections available.
Data browsing and retrieval
The right hand panel allows users to browse the data Cscan is based on, and to retrieve the list of target genes associated with a given experiment of interest. Users can select (i) the protein that has been ChIP'ed (ii) the cell line in which the experiment was performed, (iii) the region of the genes' locus in which peaks have to be located for the gene to be considered as a target (e.g. the À450, +50 region including the core promoter or the transcribed region including 1 kbp upstream), (iv) the source organism and the gene annotation to be used to display the results (RefSeq or Ensembl) and (v) the genome assembly used in the study. Once any of the input fields is selected, the other choices are automatically limited to the experiments available, e.g. once a TF has been selected in the list, the selection of the cell lines will be limited to those for which data are available for the TF, and so on.
The output will be displayed within an 'Experiment view' output window, described in the 'Output' section. Alternatively, given a gene (transcript) identifier, users can retrieve the list of ChIP-Seq experiments in the database that present a peak within the gene region defined.
Gene input
The left hand panel is used to input a set of genes, by using the RefSeq or Ensembl IDs of their respective transcripts, and finding ChIP-Seq experiments that have a significantly high (or low) number of peaks associated with the genes. Users then have to specify the following: (i) the source organism of the genes (at the present time, human or mouse); (ii) the region, with respect to the gene, that has to be analyzed (e.g. core promoter only or upstream and transcribed regions); and (iii) the cell line in which the ChIP-Seq data used for the analysis were generated (or this parameter can be set to 'ALL' indicating that all the data available have to be used).
A typical analysis takes a few seconds, and results will appear in the middle of the page.
Output
The output is split into two tables as shown in Figure 1a . 'TF table view' and 'Feature view', respectively), additional links appear. Clicking on the 'info' icons (a white 'i' on a blue background) provides further information (if available) on the subject of the ChIP experiment or the cell line in which it was performed. Clicking on the TF/ feature name, instead, opens the 'Experiment view' window, that displays the list of input genes which are associated with a peak for the ChIP-Seq experiment and cell line selected, as well as their genomic coordinates. From this window, users can download the list of gene IDs, or the .bed file of their genomic coordinates which can be uploaded automatically to the UCSC Genome Browser for further analysis. The 'Get Correlations' button on the right-hand side performs another run of Cscan, but restricted to the list of target genes for the TF/feature currently investigated, and using experiments performed in the same cell line: in this way, users can immediately assess which other experiments have significant correlation (or anti-correlation) with the TF/feature on the set of genes studied (Figure 1b) . This 'Experiment view' window is also displayed when a given experiment is selected by using the right-hand panel of the interface: in this case, the list of targets will comprise all the target genes in the genome annotation available.
EXAMPLES
As mentioned before, Cscan can be applied to different types of analysis. A straightforward application is to study clusters of genes with similar expression patterns, so to single out their putative common regulators. But, as epigenetic data are also included in the analysis, by crossing these data with the results on TF binding one can get an idea also on the effect of the TF regulation (activation/ repression) and/or on the tissue/cell/condition specificity of TF binding. Also, if a novel ChIP-Seq experiment has been performed, Cscan allows for an immediate assessment of which other TFs show significance correlation or anti-correlation with the studied one, as well as of whether the TF correlates with histone modifications, active/repressed promoters, or polymerase binding, the latter indicating again whether it might act as an activator or a repressor. Finally, the results of Cscan provide an immediate validation for predictions derived from other tools, for example conserved motifs found by sequence analysis and motif discovery methods. Users can thus submit the same set of genes simultaneously to Cscan and to tools like Pscan (9) or Clover (10), and assess whether TFs singled out by sequence analysis are also detected by Cscan, or which TFs are more likely to bind a given sequence motif. These two approaches can also be seen as complementary, because ChIP data are not available for all the TFs and vice versa, a reliable binding descriptor is not available for all the TFs.
In the following section, we describe some examples of usage of Cscan. The corresponding datasets are included in the interface and can be easily loaded as input by clicking on the corresponding link. The analyses were performed by using as a target region of the genes the core promoter (from À450 to +50 with respect to the transcription start site). The results are also provided in Supplementary Table S1 .
Human cell cycle regulated genes
We retrieved the clusters of human genes whose expression has been characterized of being specific of a given phase of the cell cycle [G1/S, S, G2, G2/M and M/G1 (13)]. The microarray experiment was performed in HeLa cells.
Concerning the 'features' table, nearly all the genes of each dataset seem to be transcribed in all the cell lines available, and not only HeLa cells. Indeed, PolII, 'Active promoter' HMMChIP annotations, and histone modifications associated with active promoters and transcription are highly enriched, while those features associated with gene silencing are significantly under represented. This is hardly a surprising result, because we can expect cell-cycle expressed genes not to be cell line or tissue specific. Figure 2 and Supplementary Table 1 summarize the most significant TFs in the five phases (Bonferroni corrected P < 10 À5 in at least one).
TFs of the list showing highest enrichments are known cell cycle regulators, and as expected their over-representation in the input sets changes according to the different phases. For example, all members of the E2F family with available data are significantly enriched in phases G1/S and S. E2F1 and E2F6, however, drop in the successive phases, while E2F4 remains enriched throughout G2 and G2/M. The Retinoblastoma protein (RB) lacks a DNA binding domain and is recruited to promoters by other sequence-specific TFs, such as the members of the E2F family: indeed its enrichment profile shows similarity with E2F1 and E2F6. Thus, results of this kind would be hard to obtain with sequence analysis alone, also because specialized databases like TRANSFAC and JASPAR report only a generic 'E2F' binding motif, while for example E2F4 has been recently shown to bind the CHR promoter element as part of the DREAM complex (14) .
Human tissue-specific genes
As an example of analysis of tissue-specific genes, we built two datasets of liver and whole brain-specific genes using the Gene Sorter tool at the UCSC Genome Browser. We selected RefSeq genes with an expression logBase2 (tissue/reference) value >2 in the two tissues. The 'features' results on liver genes show how their transcription activation, active promoter marks and PolII binding seem to be confined to HepG2 cells, which indeed are hepatocarcinoma cells, and a model system for the study of polarized human hepatocytes. On the other hand, the signatures associated to transcription repression and gene silencing are over-represented in all other cell lines. Also, the TF table shows as significantly enriched a series of TFs (HNF4A, HNF4G, RXRA, FOXA1, and so on) known to be associated with tissue-specific gene expression in liver or liver development. Other TFs usually associated with cell cycle or 'housekeeping' gene expression do not show any enrichment on this gene set in HepG2 cells. However, not all the genes of this set are associated with PolII binding or active promoters and TF binding. This fact can be due to different reasons, like experimental issues (false positives in the microarray experiment or false negatives in the ChIP-Seq analyses producing the lists of peaks), or to differences between normal and tumoral liver cells. Another possibility is that, as multiple promoters can be associated with the same gene, Cscan is able to mark which promoter is active and bound by TFs in the cell line investigated.
The result on 'brain-specific' genes shows how they do not seem to be transcribed in any of the cell lines available, nor are enriched for any histone mark associated with transcriptional activation. The TF table likewise shows how virtually all the TFs are underrepresented in the gene sample, with the sole exception of NRSF (Neuron-restrictive Silencer transcription Factor) throughout different cell lines, which indeed is a repressor protein expressed in non-neuronal tissues, repressing the expression of several neuronal genes.
Computing correlations between different ChIP-Seq experiments
A simple but explicative example on how Cscan can be used to identify correlations among different ChIP-Seq experiments is the set of target promoters for BDP1 (B double-prime 1) in human HeLa cells, retrievable from Cscan itself. BDP1 is a subunit of the TFIIIB Figure 2 . The most significantly enriched TFs in the different phases of human cell cycle (P < 10 À5 in at least one set). We considered experiments performed on the same cell line of the expression data (HeLa). For TFs for which HeLa data are not yet available, we employed K562 data. transcription initiation complex, which recruits RNA polymerase III to target promoters to activate its transcription (15) . Indeed, the features table shows that PolIII associated with the promoters of the genes. In the TF list, the highest correlations are with BDP1 itself in a different cell line (K562), showing how BDF1 binding does not seem to be cell-line specific. Also, all the targets of another factor (BRF1) are included into the BDF1 list. Indeed, BDF1 is another subunit of the same complex, together with TFIIIC-110, which is also highly enriched. Other regulators, not related to PolIII transcription appear anyway to be over-represented. Although, for example TATA-binding protein has already been shown to be a regulator of PolIII transcribed genes, other factors like STAT1 in interferon-stimulated cells or heat-shock protein that target most of the genes show how they are probably activated and involved in several different pathways.
CONCLUSIONS
Cscan is a web server that employs a collection of several hundreds of different ChIP-Seq experiments to identify putative common regulators in a set of genes, as well as assessing their transcriptional and epigenetic profile. Clearly, results depend on the presence of a given TF or cell line in the collection of experiments the server is based on, and while for example we have already a good coverage for tissues like liver we still lack data on tissue-specific TFs and epigenomic information in several tissues or cell lines. We can expect however this gap to be quickly filled in the near future, given the ever increasing amount of ChIP-Seq experiments that are performed and published almost on a daily basis. Also, we plan in the near future to include information about distal regulatory elements in enhancers/silencers, by crossing data on TF binding with chromatin signatures marking likely enhancer regions and with CTCF binding to insulators, so to overcome the obvious limitations of analyses only on promoters or transcribed regions. Concerning the extension of Cscan to other species, we are currently populating the ChIP-Seq mouse data collection, as well as preparing the inclusion of other species, from yeast to the data produced by the modENCODE project on Caenorhabditis elegans and Drosophila (16).
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